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We recently found that genes involved in mitochondrial dynamics and autophagy are required for removal of UVC- 
induced mitochondrial DNA damage. However, drp-7 and pink-1, unlike the autophagy and fusion genes tested, were not 
necessary for larval development after exposure. We hypothesized that increased fusion resulting from mutations in these 
genes facilitated recovery of mitochondrial function. In this work, we investigated this hypothesis by studying the effects 
of fis-1, fis-2, drp-1 and pink-1 mutations on mitochondrial responses to UVC exposure including ATP levels, mitochondrial 
DNA copy number, larval development and mitochondrial morphology. Our results suggest that mutations that promote 
highly networked mitochondria have the capacity to lessen the effects of mitochondrial genotoxicants on the function 
of this organelle. 



Introduction 

Mitochondrial dynamics (i.e., fusion and fission) play a critical 
role in maintaining mitochondrial function and are essential 
for normal development,' maintenance of mitochondrial DNA 
(mtDNA), ^ exchange of mitochondrial proteins, lipids and nucle- 
oids,'''' mtDNA replication'" '' and repair,^'^ and more. Mutations 
in mitochondrial fusion genes OPAl and MFN2 cause neuro- 
degenerative diseases,**'' further emphasizing the importance 
of mitochondrial dynamics particularly in post-mitotic cells. 
Furthermore, mitochondrial dynamics serve as a compensatory 
mechanism for mitochondrial dysfunction and stress. Mixing of 
mitochondrial components through fusion allows for comple- 
mentation of damaged and undamaged components, a process 
referred to as functional complementation. ' Additionally, dys- 
functional mitochondria can be isolated by fission and selective 
fusion and targeted for autophagic degradation;'" the selec- 
tive degradation of mitochondria by autophagy is referred to as 
mitophagy." 

Mitophagy has received significant attention recently due to 
its potential role in the pathology of Parkinson disease. PTEN- 
induced kinase 1 (PINKl) and Parkin, both of which are com- 
monly mutated in those with early— onset familial Parkinson 
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disease,'"'''' have been shown to mediate mitophagy of depo- 
larized mitochondria under certain in vitro conditions.'^'" 
Abnormal mitochondrial autophagy and accumulation of dys- 
functional mitochondria had been well documented in several 
neurodegenerative disorders including Parkinson,"'''^ and these 
findings suggest that defective mitochondrial degradation may 
drive pathogenesis rather than occur as a secondary effect. 
Furthermore, autophagy and mitophagy have a protective role 
against mitochondrial dysfunction, apoptosis and cell death fol- 
lowing toxicant exposure or cell stress."*'"" 

mtDNA can be more susceptible than nuclear DNA (nDNA) 
to damage resulting from environmental contaminant exposure, 
particularly those genotoxicants that cause "bulky" or helix- 
distorting lesions including PAHs,^' mycotoxins (e.g., aflatoxin 
Bj),^^ UV C radiation (UVC),^' and cisplatin.^* These lesions 
are irreparable in mtDNA due to a lack of nucleotide excision 
repair (NER), the repair mechanism utilized in the nuclear 
genome to remove most "bulky" or helix-distorting DNA dam- 
age. We recently reported that UVC-induced lesions in mtDNA 
are slowly removed in human cells^' and Caenorhabditis elegans?'' 
In C. elegans, this process was dependent upon fusion, fission 
and autophagy genes including pink-1 and drp-1. We also found 
that serial UVC exposure, which resulted in persistent mtDNA 
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erbate larval arrest. Two-way ANOVA indicated a significant interaction 
between RNAi and recovery (p < 0.05). Asterisks denote a significant 
difference between 0 h and 120 h mtDNA lesions within RNAi treatment 
(Fisher's PLSD, p < 0.05). Percent mtDNA lesions remaining after 120 h 
was calculated based on 0 h lesion frequency within each RNAi treat- 
ment. Asterisks denote p < 0.05. 



damage, resulted in decreases in many mitochondria-mediated 
functions including oxygen consumption, maintenance of ATP 
levels and mtDNA copy number and development from the 
L3 to L4 stage^'''^^ in wild-type (N2 Bristol strain) nematodes. 
Interestingly, genetic or pharmaceutical inhibition of autophagy 
slowed recovery from UVC-induced damage, while recovery was 
completely inhibited by fusion gene knockout. However, knock- 
out of pink-1 and drp-1 did not affect recovery despite their role 
in mtDNA damage removal. These data suggested that while 
removal of mtDNA damage aids in recovery from mitochon- 
drial dysfunction, tolerance of such damage is primarily driven 
by fusion. 

We hypothesized that mutations in drp-1 and pink-1 enhance 
fusion, thus promoting fusion-induced functional complemen- 
tation and enhanced mtDNA replication which compensate for 
lack of removal of damaged mtDNAs. In this work, we inves- 
tigated this hypothesis by studying the effects of fis-1, fis-2, 



drp-1 and pink-1 mutations on the response to UVC exposure 
including ATP levels, mitochondrial DNA copy number, larval 
development and mitochondrial morphology. The results high- 
lighted the importance of fusion in short-term buffering against 
mtDNA damage. 

Results 

We recently found that although pink-1 and drp-1 are involved 
in removal of irreparable mtDNA damage, mutations in these 
genes had little effect on recovery from mtDNA-damage induced 
developmental delay in C. elegans. When autophagy was inhib- 
ited, recovery was delayed suggesting that removal of damaged 
mtDNAs does aid in the recovery process. To further probe a 
potential role for fission in these processes, we tested the effect 
of mutations in Jis-1 and fis-2, apparent homologs to mamma- 
lian FISl. These experiments were performed identically to the 
damage removal and larval development experiments reported by 
Bess et al."'' While knockout of these genes alone does not affect 
mitochondrial morphology or development,^" RNAi knock- 
down of fis-1 inhibited mtDNA damage removal similarly to 
drp-1 (Fig. 1). fis-1 knockout, like drp-1 knockout, did not affect 
recovery from UVC-induced larval arrest (Fig. 1). Knockdown 
or knockout of fis-2 had no effect (Fig. 1). 

In combination with our previously-reported results for drp-1 
and pink-l,~'' the effect of the fis-1 mutation led us to hypoth- 
esize that increased fusion, a process critical for recovery from 
mitochondrial damage, was compensating for lack of removal 
of damaged mtDNAs in these mutants. We therefore performed 
additional experiments to test whether knockout of pink-1 and 
drp-1 would protect against UVC-induced reduction in mtDNA 
copy number and ATP levels. 

We exposed wild-type (N2), drp-1 and pink-1 nematodes 
(all in a PE255 background) to serial UVC as described in Bess 
et al.^"^ This exposure protocol results in accumulated mtDNA 
damage while permitting repair of nDNA damage."' Following 
the last exposure, we placed LI nematodes on food and measured 
DNA copy number and ATP at 0, 3, 24 and 48 h post-exposure. 
In non-exposed nematodes, we observed a significant increase in 
mtDNA: nDNA with time (development) in all strains, consis- 
tent with previous work.^^'^''^" Since we also measured nDNA 
copy number (below), and since nDNA copy number is closely 
related to cell number, measurement of both allows us to infer the 
mtDNA content per cell. UVC exposure significantly decreased 
the mtDNA copy number per cell in N2 and mutant strains 
(Fig. 2) at 24 h and 48 h post exposure. The fact that there was 
little effect of UVC exposure on mtDNA copy number at earlier 
timepoints likely reflects the biology of the organism. mtDNA 
apparently undergoes very little replication early in develop- 
ment,^^'^''^" and mtDNA replication is in fact dispensable for 
early larval development.^' Interestingly, pink-1 and drp-1 had 
significantly higher mtDNA:nDNA compared with N2 in the 
absence of UVC exposure (Fig. 2) but similar copy number after 
UVC exposure, such that the percent reduction in mtDNA copy 
number per cell was greater in these mutant strains (p < 0.05 for 
strain x treatment interaction). 



Figure 1. fis-/ is required for removal of UVC-induced mtDNA dam- 
age but not recovery from larval arrest. mtDNA lesions were removed 
in empty vector control and fis-2 120 h post a single UVC exposure in 
post-mitotic adult C. elegans (glp-1). RNAi knockdown of fis-1 inhibited 
mtDNA damage removal as indicated by a lack of a significant differ- 
ence between 0 and 120 h lesion frequency, fis-2 did not significantly 
inhibit removal of mtDNA damage, fis-1 or fis-2 knockout did not exac- 



e23763-2 



Worm 



Volume 2 Issue 1 



nDNA copy number was also affected by UVC exposure. 
Exposed strains had significantly lower nDNA copy number at 
48 h (Fig. 3). This data are consistent with our previous observa- 
tions that this dose of UVC leads to a mild L3 arrest at 48 h.^*" 
The degree of decrease was no greater in pink-1 and drp-1 than 
N2, also consistent with our previous observation of no more 
developmental delay in these mutants than N2.^'' nDNA copy 
number in pink-1 and drp-1 nematodes did not differ signifi- 
cantly from N2 in the absence of UVC, but was higher in pink-1 
than N2 and drp-1 after UVC exposure (FPLSD). 

We observed a marked increase in steady-state ATP level 
between 24 and 48 h in unexposed N2 (PE255s) (Fig. 4), as 
observed previously.^*'^' While this increase was also present in 
UVC-exposed N2s, ATP level was significantly lower at 48 h com- 
pared with untreated worms (Fig. 4). The higher mtDNA copy 
number that we observed in pink-1 and drp-1 did not translate 
into higher ATP levels under control conditions. Rather, in the 
untreated mutants, basal ATP levels were actually significantly 
lower than N2 and only a small increase in absolute ATP level 
occurred between 24 and 48 h (Fig. 4). UVC exposure had 
little to no effect on absolute ATP level at 48 h in the mutant 
strains (Fig. 4) and the percentage decrease in ATP level at 48 h 
was greater in N2s (-40%) compared with pink-1 (-20%) and 
drp-1 (no significant difference). It is important to point out that 
the slower increase in ATP levels in the mutant strains cannot be 
attributed to developmental delay. Based on our previous direct 
observation of larval stage,^*" neither drp-1 nor pink-1 shows devel- 
opmental delay compared with N2. Similarly, our measurement 
(Fig. 3) of nDNA copy number (which is a proxy for developmen- 
tal stage, since C. elegans development is invariant with respect to 
cell division) does not indicate a statistically significant difference 
in developmental pace in either drp-1 or pink-1 compared with N2. 

As described above, we hypothesized that pink-1 and drp-1 
mutations facilitate recovery from UVC exposure by increasing 
mitochondrial fusion. Mutations in drp-1 have been shown in 
C. elegans to prevent fission resulting in excessively fused, elongated 
mitochondria. ''^ Mutations in pink-1, on the other hand, have been 
reported to result in reduced length of mitochondrial cristae, as 
well as increased paraquat sensitivity, in C. elegans?^ We made 
preliminary examinations of mitochondrial ultrastructure in body 
muscle cells by transmission electron microscopy (TEM) at 48 h 
in each strain, with and without exposure to UVC. We identified 
elongated mitochondria in 1 of 19 mitochondria in control wild 
type nematodes, 0 of 17 in UVC-exposed wild types, 8 of 12 in 
control drp-h, 3 of 8 in UVC-exposed drp-ls, 3 of 7 control pink- 
Is and 3 of 8 UVC-exposed pink-Is. The TEM analysis allowed 
us to complement our previous examination of body wall muscle 
cells"*" via fluorescence microscopy with a different methodology. 
While this was certainly not an exhaustive analysis, we again failed 
to discern an effect of UVC, despite being able to detect strain- 
related differences in mitochondrial morphology. 

Discussion 

The health of the mitochondrial population is maintained in 
part by mitochondrial dynamics and autophagy, which regulate 
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mitochondrial turnover and selective removal of dysfunctional 
mitochondrial. Enhanced mitochondrial fusion is particularly 
important in the response to certain environmental stressors 
including DNA intercalators,^'' UV exposure'^ and chronic oxi- 
dant exposure.^^ Mixing of mitochondrial components allowing 
for complementation of damaged and undamaged components 
(i.e., functional complementation) and enhanced mtDNA rep- 
lication may account for the buffering effect of fusion. The data 
we present here complements our previous work^'' in supporting 
a role for fused mitochondria in protecting against U VC-induced 
mitochondrial alterations. 

In vitro, UVC-induced photodimers stall DNA polymerase 7, 
the only polymerase found in mitochondria,^^ as well as the mito- 
chondrial RNA polymerase.^" The lower mtDNA:nDNA ratio 
observed in all UVC-exposed strains, when compared with non- 
treated strains, likely reflects the in vivo inhibition of mtDNA 
replication in all strains during development, pink-1 and drp-1 
are clearly required for the normal developmental increase in 
mtDNA: nDNA copy number in the context of UVC exposure. 
The greater mtDNA copy number per cell that we observed in 
mutant strains under control conditions may reflect enhanced 
mtDNA replication and/or lack of mitophagy resulting in accu- 
mulation of mtDNA that in the N2 background are degraded. 
The fact that UVC-exposed mutants have a very large percent 
decrease in mtDNA per cell supports the hypothesis that these 
mutations enhance mtDNA replication. If they merely reduced 
degradation, copy number would be expected to be reduced less 
by UVC than in N2, rather than more. Since mtDNA copy num- 
ber per cell is similar among strains at the time of UVC exposure 
and is similar after 48 h in all strains (rather than being higher in 
the mutants), we propose that at this dose of UVC, undamaged 
template for mtDNA replication is limiting across all strains such 



Figure 2. Serial UVC treatment resulted in a greater reduction of mtD- 
NA copy number per cell in pink-1 and drp-1 when compared with the 
N2 strain. UVC exposure resulted in significantly lower mtDNA:nDNA, 
by 24 h, in all strains (ANOVA, treatment x timepoint, p < 0.001; FPLSD 
p < 0.001). pink-1 and drp-i have higher mtDNAinDNA under control 
conditions but were similar to N2 when exposed to UVC (ANOVA, strain 
X treatment, p < 0.05; FPLSD, p < 0.05). 
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Figure 3. UVC reduced nDNA copy number. (JVC exposure resulted in significantly reduced nDNA copy number at 48 h (ANOVA, treatment x time- 
point, p < 0.001; FPLSD p < 0.001). Exposed pink-1 had greater nDNA copy number compared with drp-l and N2 (ANOVA, strain x treatment, p < 0.05; 
FPLSD, p < 0.05). 
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Figure 4. pink-1 and drp-l have altered ATP levels and the normal activ- 
ity of pink-1 and drp-l mediates the effect of UVC exposure on ATP level. 
UVC exposure resulted in significantly reduced ATP level in N2 but had 
little to no effect on pink-1 and drp-l compared with strain and time- 
matched controls (ANOVA, treatment x strain x timepoint, treatment x 
timepoint, p < 0.05; FPLSD p < 0.05). Absolute ATP levels in pink-1 and 
drp-1 were significantly lower than in N2 (ANOVA, strain, p < 0.05; FPLSD, 
p < 0.05) and ATP levels were not significantly altered by UVC exposure 
in pink-1 and drp-l (FPLSD p > 0.05J. 



that the rephcative advantage of the mutants is lost. Alternatively, 
it is possible that the UVC damage somehow interferes with the 
mechanism that confers replicative advantage on the mutants. 



It was interesting that the pink-1 mutants had a higher nDNA 
copy number than N2 after UVC. The drp-l mutants did not 
have a higher nDNA copy number after UVC, but did show an 
apparently smaller decrease in nDNA copy number after UVC 
than N2 (this smaller proportional decrease could not be tested 
formally statistically due to the lack of a significant strain x treat- 
ment X timepoint interaction). This result suggests that pink-1 
and possibly drp-l mutants are in fact somewhat protected 
against the developmental delay caused by UVC exposure, since 
nDNA copy number is a proxy for development in C. elegans. 
This interpretation is supported by the fact that there was also 
a trend toward less inhibition of larval development by UVC in 
the pink-1 strain^*" and the fis-1 strain (Fig. 1). These effects were 
not statistically significant, but our screen was designed to detect 
exacerbation, not rescue, of larval arrest. 

UVC-exposed N2 nematodes had lower ATP levels particu- 
larly at 48 h post exposure, when ATP production and utiliza- 
tion is peaking. We speculate that this may result from a lower 
number of mtDNAs available to serve as template for transcrip- 
tion or from the presence of transcription blocking lesions that 
may decrease mtDNA-encoded mitochondrial protein produc- 
tion resulting in lower ATP levels. Additionally, mitochon- 
drial dysfunction may trigger compensatory stress responses 
that consume ATP at a faster rate thus reducing ATP levels. In 
pink-1 and drp-l untreated mutants, basal ATP level was sig- 
nificantly lower than N2 which is consistent with previous stud- 
ies in Drosophila melanogaster and mammalian cell culture. 
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We hypothesized that UVC would decrease ATP more in the 
mutants than in N2. To our surprise, we saw the opposite: ATP 
levels were decreased less in pink-1 and drp-1 mutants than in 
N2. One possible explanation for this result is that in these 
mutants, mtDNA template is not limiting in ATP production. 
In other words, through functional complementation, dam- 
aged and undamaged mtDNAs permit a full set of mitochon- 
drial proteins to be produced. Despite lower basal ATP level 
and little effect of UVC on ATP, nDNA copy number was not 
decreased in untreated mutants and UVC similarly decreased 
nDNA copy number in all strains. Furthermore, Bess et al.^^ 
demonstrated that UVC exposure in these strains resulted in 
similar developmental delay. Based on these results and those 
previously reported, it does not appear that ATP level directly 
controls developmental arrest. This conclusion is in keeping 
with previous evidence that signaling events mediate the L3-L4 
larval arrest.*^''*' 

Both enhanced mitochondrial elongation and fragmenta- 
tion have been reported to result from knockdown or knockout 
of pink-1 in different species. The only prior analysis of mito- 
chondrial ultrastructure in C. elegans reported shortened cris- 
tae in pink-1 mutants.'' While this may at first glance appear 
to conflict with our results, we note that studies in D. melano- 
gaster and primary human neurons report enhanced elongation 
of mitochondria yet also fragmentation and disorganization of 
cristae,*''''''' consistent with both sets of C. elegans observations. In 
addition, it is possible that the effect of pink-1 loss of function on 
mitochondrial morphology depends on cell type, environmental 
stressors such as those that promote mitophagy or developmental 
stage. This is further supported by the fact that in other model 
organisms genetic inhibition of pink-1 appears to have variable 
effects .^""'^^ Overall, these studies show that pink-1 interacts with 
fusion and fission machinery to alter mitochondrial morphology. 
Additionally, mitochondrial stress resulting from pink-1 inactiva- 
tion could enhance mitochondrial fusion indirectly. We did not 
observe overt changes in mitochondrial morphology induced by 
UVC exposure. This is consistent with our previous findings in 
UVC exposed adult C. elegans^'' as well as primary human fibro- 
blasts^' using fluorescence microscopy. 

In a broader context, these results highlight the importance 
of fusion in short-term buffering against mtDNA damage. In 
a genetic background where mitophagy is slowed or inhibited, 
mitochondrial fusion appears to minimize mitochondrial dys- 
function resulting from toxicant exposure. However, this does 
not appear to be a long-term solution.^** Many wide-spread 
diseases including neurodegenerative disorders are marked by 
accumulation of dysfunctional mitochondria and damaged/ 
mutated mtDNA and in some cases (e.g., cardiovascular dis- 
ease) mitochondrial dysfunction persists despite extensive 
mitochondrial fusion. 

Methods and Materials 

C. elegans culture, larval exposures and larval arrest assay. 

Populations of C. elegans were maintained on K agar plates'" 
seeded with OP50 hzctmz. fis-l{tml867), VC801 fis-2{gk363) 



and drp-1 {tmllOS) were provided by Ding Xue, University of 
Colorado, and pink-1 {tml 779) was provided by Guy Caldwell, 
University of Alabama, drp-l and pink-1 were crossed with the 
transgenic strain, PE255 {fels5), provided by Christina Lagido, 
University of Aberdeen. Larval C. elegans UVC exposure and lar- 
val arrest quantification were conducted as previously described.^'' 

Relative ATP assay. Steady-state ATP levels were determined 
in PE255 as described previously with some modifications.'" 
Briefly, luminescence (used to determine ATP level) was mea- 
sured in a 96-well microplate reader (FLUOstar OPTIMA, BMC 
Labtech) with approximately 300 nematodes per well (in 100 |jl1). 
Luminescence buffer (50 |jl1) was automatically dispensed into 
each well. Two to three separated experiments with three to five 
technical replicates at each timepoint were conducted. 

Real-time PGR quantification of DNA copy number. 
Absolute mitochondrial and nuclear copy number were measured 
by quantitative, real-time PCR as previously described.^' Primers 
used to measure nDNA copy number were designed with Primer3 
to amplify a 164 bp region of the cox-4 gene: forward 5'-GCC 
GAG TGG AAG AAC TTG TC-3'; reverse 5'-GCG GAG ATC 
ACC TTC GAG TA-3'. Two independent experiments with six 
biological replicates per experiment at each timepoint were con- 
ducted. For each biological replicate, three technical replicates 
were averaged from a single real-time PCR run. 

TEM. Worms were fixed in 1.5 ml 2% osmium tetroxide in 
0.1 M cacodylate buffer for 30 min 48 h after the last UVC expo- 
sure and placement on food. Fixed worms were washed twice in 
0.1 M cacodylate buffer and transported to the Laboratory for 
Advanced Electron and Light Optical Methods (LAELOM), 
North Carolina State University College of Veterinary Medicine. 
Primarily fixed worms were placed in secondary fixative (1% 
osmium tetroxide/0.1 M sodium phosphate buffer, pH 7.2-7.4) 
for 1 h at room temperature then dehydrated in graded etha- 
nol solutions and embedded in Spurr's resin. Semithin sections 
(250-500 nm thick) were cut with glass knives, mounted on 
glass slides and stained with 1% toluidine blue O in 1% sodium 
borate. These sections were first viewed under a light microscope 
to verify the presence of worms in the block. Then, ultrathin sec- 
tions (70-90 nm thick) were cut with a diamond knife, stained 
with uranyl acetate and lead citrate and examined using a FEI/ 
Philips 208S transmission electron microscope (TEM) at 80 kV 
accelerating voltage. Analysis of ultrastructure of mitochondria 
included determination of length of mitochondrial profiles in 
transverse orientation in body wall muscle cells. Mitochondria 
were considered elongated if the length was greater than 1.5 
microns. Evidence for overt mitochondrial structural alteration 
(clear mitochondrial swelling or membrane rupture) was not 
encountered in this study. 

mtDNA damage removal. RNAi knockdown of fis-1 and fis- 
2, adult glp-1 exposure and mtDNA damage quantification via 
QPGR were performed as previously described.^'' 

Statistical analysis. Multi-factorial ANOVA was used to 
determine main effects and interactions of experiment vari- 
ables (e.g., UVC treatment, strain, time) followed by Fisher's 
protected least significant difference (FPLSD) posthoc analysis 
if warranted. 
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